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PATZ1 (MAZR) Co-occupies Genomic Sites With p53 and Inhibits Liver Cancer Cell Proliferation via Regulating p27
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Liver cancer is the third most common cause of cancer death in the world. POZ/BTB and AT-hook-containing zinc finger protein 1 (PATZ1/MAZR) is a transcription factor associated with various cancers. However, the role of PATZ1 in cancer progression remains controversial largely due to lack of genome-wide studies. Here we report that PATZ1 regulates cell proliferation by directly regulating CDKN1B (p27) in hepatocellular carcinoma cells. Our PATZ1 ChIP-seq and gene expression microarray analyses revealed that PATZ1 is strongly related to cancer signatures and cellular proliferation. We further discovered that PATZ1 depletion led to an increased rate of colony formation, elevated Ki-67 expression and greater S phase entry. Importantly, the increased cancer cell proliferation was accompanied with suppressed expression of the cyclin-dependent kinase inhibitor CDKN1B. Consistently, we found that PATZ1 binds to the genomic loci flanking the transcriptional start site of CDKN1B and positively regulates its transcription. Notably, we demonstrated that PATZ1 is a p53 partner and p53 is essential for CDKN1B regulation. In conclusion, our study provides novel mechanistic insights into the inhibitory role of PATZ1 in liver cancer progression, thereby yielding a promising therapeutic intervention to alleviate tumor burden.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is a primary malignant tumor that arises from the hepatocytes. Globally, HCC is the third leading cause of cancer mortality and fifth most common type of cancer (Parkin et al., 2005). Chronic infection with hepatitis B (HBV) and C viruses (HCV) is responsible for 75% of all primary HCC cases worldwide, with a higher incidence in developing countries (El-Serag, 2012). The pathogenesis of HCC arising from HBV and HCV infection begins with proliferation and apoptosis, followed by inflammation, fibrosis, cirrhosis and finally dysplasia (Ananthakrishnan et al., 2006). Chronic consumption of alcohol, another well-characterized risk factor of HCC, leads to the development of primary liver cancer via cirrhosis (Chacko and Samanta, 2016). HCC is also associated with non-alcoholic liver fatty disease (NAFLD), which is the hepatic manifestation of obesity and related metabolic disorders (Inayat et al., 2016). In NAFLD, accumulation of fat in the liver results in inflammation, leading to cirrhosis and eventually HCC (Chacko and Samanta, 2016). Cirrhosis is regarded as the most important risk factor for the development and progression of HCC regardless of its etiologies, with 90% of all HCC cases being accompanied by cirrhosis in the western hemisphere (El-Serag, 2011).

Despite the severity of HCC, there remain limited options of treatment for advanced stage patients (Kelley and Venook, 2013; Flores and Marrero, 2014). Recent studies have identified signaling pathways involved in the development of HCC. These include the Hippo-YAP pathway, the VEGFR/EGFR pathway, the Wnt/β-catenin pathway, the PI3K/AKT/mTOR pathway and the MAPK/ERK pathway (Ahn et al., 2013; Janku et al., 2014; Lanaya et al., 2014; Wang et al., 2014; Bai et al., 2015). Nevertheless, the prognosis of HCC needs to be improved and identification of more potential drug targets remains a high priority.

The POZ/BTB and AT-hook containing zinc finger protein 1 (PATZ1), also known as MAZR, ZNF278 and ZBTB19, is a transcription factor and a member of the POZ and Krüppel-like zinc finger (POK) protein family which are characterized by the presence of both the POZ/BTB domain and the C2H2 zinc finger motif (Lee and Maeda, 2012). PATZ1 regulates a plethora of cellular processes including spermatogenesis (Fedele et al., 2008); senescence (Cho et al., 2012); embryonic stem cell pluripotency and reprogramming (Ma et al., 2014a, b; Ow et al., 2014); T-cell development, as well as cancer development (Bilic et al., 2006; Sakaguchi et al., 2010; Abramova et al., 2013; Sakaguchi et al., 2015). In particular, PATZ1 functions as an oncogene in colon cancer by promoting cell cycle progression (Tian et al., 2008). However, on the contrary, PATZ1 has also been implicated as a tumor suppressor gene in lymphomas, thyroid and lung cancer (Chiappetta et al., 2015; Franco et al., 2016; Ho et al., 2016; Vitiello et al., 2016). Hence the role of PATZ1 as an oncogene or tumor suppressor has been proposed to depend on the cellular context and the presence of interacting proteins (Valentino et al., 2013; Keskin et al., 2015).

To date, the role of PATZ1 in HCC has not been investigated. We have systematically studied the molecular role of PATZ1 in liver cancer progression. We found that PATZ1 modulates liver cancer cell proliferation by regulating CDKN1B, a key cyclin-dependent kinase inhibitor.



MATERIALS AND METHODS


Cell Culture

HepG2, Huh7 and Hep3B cells obtained from ATCC were maintained in DMEM/High Glucose (GE Healthcare) supplemented with 10% heat inactivated fetal bovine serum (GE Healthcare). Normal Human Primary Hepatocytes (human NHEPS Cells) obtained from Lonza were cultured according to the manufacturer’s instruction. Briefly, the human NHEPSTM cells were cultured in the Hepatocyte Maintenance Medium (HMM Medium) and harvested within 12 h. All cells were incubated in 5% CO2 at 37°C.



siRNA Transfection

PATZ1 siRNA (sc-76072) and scrambled control siRNA (sc-37007) were purchased from Santa Cruz Biotechnology. Reverse transfections with siRNA were performed with Lipofectamine RNAiMax according to the manufacturer’s instructions.



Total RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

RNA was extracted from cells with the TRIzol® reagent. Reverse transcription was performed with the Superscript III First-Strand Synthesis System using oligo-dT primer (Invitrogen). Quantitative real time PCR was performed using Fast SYBR® Green Master Mix (Bio-Rad Laboratories). The relative quantification of mRNA levels was computed using the 2–ΔΔCT method. Primer sequences used were listed in Supplementary Tables 1, 2.



Gene Expression Microarray Profiling

Total RNA from siCTRL- and siPATZ1-treated HepG2 cells was extracted with the TRIzol® reagent and purified with the RNeasy Mini Kit (Qiagen). cDNAs from reverse transcription were biotin-labeled prior to hybridization onto HumanHT-12 v4 Expression BeadChip (Illumina). Hierarchical clustering was performed with Cluster 3.0 on differentially expressed genes (Eisen et al., 1998). Raw fold change data was adjusted to center both genes and array by its mean prior to hierarchical clustering by the Euclidean distance similarity metric and average linkage. The heat-map was visualized with Java Treeview (Saldanha, 2004). Gene ontology analysis was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 (Huang et al., 2009b). The PATZ1 gene expression microarray data has been submitted to Gene Expression Omnibus (GEO) (the GEO number is GSE113859).



Western Blot

Western blot was conducted as previously described (Lee et al., 2012). The following primary antibodies were used: anti-PATZ1 (sc-390577; Santa Cruz), anti-p53 (sc-126; Santa Cruz), anti-β-Actin (sc-47778; Santa Cruz) and anti-p27 (#3688; Cell Signaling).



Chromatin Immunoprecipitation (ChIP) Assay, ChIP-qPCR and ChIP-Sequencing

Chromatin Immunoprecipitation was performed as described previously (Lee et al., 2012). Briefly, HepG2 cells were crosslinked with 37% formaldehyde for 10 min prior to neutralization with 0.2 M glycine for 5 min. Cell lysis and nuclear lysis were performed followed by sonication. ChIP was then performed with Dynabeads Protein G (Invitrogen) coated with anti-PATZ1 (sc-292109; Santa Cruz). For sequential ChIP (Re-ChIP), we used 20 mM DMP (dimethyl pimelimidate) to crosslink protein-protein interaction during the first ChIP (PATZ1 ChIP). The chromatin from the first ChIP was eluted by 0.13 ml elution buffer (10 mM Hepes pH 7.5, 1 mM EDTA, 1% BSA and 1% SDS). Subsequently the eluent was diluted into 1.1 ml FA 0.1% SDS buffer and was used as “chromatin” for the second ChIP (p53 ChIP). Enrichment fold of ChIP DNA was compared with the input DNA by performing qRT-PCR with the Fast SYBR® Green Master Mix. For ChIP-seq, ChIP-DNA library was generated by Illumina ChIP Library Prep Kit (Illumina) from the PATZ1 ChIP-DNA. High-throughput sequencing was then performed with the HiSeq High Output v3 (Illumina). Genomic sequence reads were mapped to the GRCh37/hg19 human genome assembly. BWA-MEM was used to do the ChIP-seq mapping with human genome 19 assembly (hg19) (Li, 2014). After converting the PATZ1 mapped files to sorted bam format, heat maps of the binding reads in all human genes and the average reads distribution of the two factors were generated by ngsplot (Barrett et al., 2013; Shen et al., 2014). Peak analysis and annotation were performed by comparing the respective input file, and the binding peaks with 5–50 model fold and q-value < 0.05 were pointed out by MACS2 (Zhang et al., 2008). The location of the peaks was annotated with HOMER (Heinz et al., 2010). Binding motifs and consensus motifs of the inferred peaks were subjected to Discriminative Regular Expression Motif Elicitation (DREME)-ChIP in the MEME suite1. The PATZ1 ChIP-seq data has been submitted to Gene Expression Omnibus (GEO) (the GEO number is GSE114030).



Cell Viability Assay

HepG2 cells were seeded at a density of 0.06 × 106 cells per well in a 96-well plate prior to transfection with scrambled control or PATZ1 siRNA. Fresh medium containing 20 μL of CellTiter 96® AQueous One Solution Reagent (Promega) was added for 2 h. Absorbance was read at 490 nm using the BioTek H1 Hybrid Plate Reader (BioTek).



Colony Formation Assay

siCTRL- and siPATZ1-treated HepG2 cells were harvested and re-seeded at a density of 1,000 cells per well in a 6-well plate. The cells were stained with 0.2% crystal violet 7 days after re-seeding and photograph was taken. To quantify the intensity of the crystal violet stains, 1% SDS was used to solubilize the crystal violet stain followed by measuring the absorbance at 570 nm.



Cell Cycle Analysis

Cell cycle analysis was performed with BrdU and 7AAD stained siCTRL- or siPATZ1-treated HepG2 cells subjected to flow cytometry. Cell staining with the FITC BrdU Flow kit (BD Biosciences) was performed according to the manufacturer’s instruction. Briefly, HepG2 cells were fixed and permeabilized followed by staining with BrdU and 7AAD. Flow cytometry was performed using the BD LSR Fortessa Flow Cytometry Analyser.



Immunofluorescence

Immunofluorescence was carried out as previously described (Ma et al., 2014a). The antibodies used were anti-PATZ1 (sc-292109; Santa Cruz) and anti-Ki-67 (sc-15402; Santa Cruz).



Luciferase Assay

Transient siRNA transfection of HepG2 cells was performed with scrambled control and PATZ1 siRNA for 48h. Luciferase reporter assay was carried out as previously described (Ow et al., 2014). The CDKN1B-luc construct containing the CDKN1B promoter region was used to determine the promoter activity. To construct the PATZ1-binding abrogated reporter plasmid, the putative PATZ1 binding site GGGGAGGTG (located at −31 to −23 from the transcriptional start site) was mutated to TTTTCAACA using Q5® Site-Directed Mutagenesis Kit (NEB).



Statistical Analysis

Numerical data were presented as mean ± SEM. Differences between groups were determined by Student’s t-test and significant differences were determined by P ≤ 0.05.



RESULTS


PATZ1 Is Prevalent in Liver Cancer and Depletion of PATZ1 Increases Cell Cycle Transcriptional Signature

We examined mRNA and protein levels of PATZ1 in normal hepatocytes and liver cancer cell lines. We found that PATZ1 was expressed at higher levels in liver cancer cell lines HepG2, Huh7 and Hep3B compared to non-cancerous normal primary human hepatocytes NHEPS (Figures 1A,B). Publically available data from the Human Protein Atlas Project also show low to medium expression of PATZ1 in normal non-cancerous liver tissues compared to medium to high level in liver tumors (Uhlen et al., 2015). The overexpression of PATZ1 in liver cancer suggests a role of PATZ1 in liver cancer progression. As the HCC cell line HepG2 contained relatively higher level of PATZ1 compared to Huh7 and Hep3B, we used HepG2 to further investigate the role of PATZ1 in liver cancer.
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FIGURE 1. Enhanced global cell cycle transcriptome in PATZ1-deficient HepG2 cells. (A) PATZ1 expression level was evaluated in normal primary human hepatocytes (NHEPS) and HCC cell lines (HepG2, Huh7 and Hep3B). mRNA level of PATZ1 was determined by qRT-PCR and normalized to the mRNA level of β-ACTIN. Data was presented as mean ± SEM; n = 2; *P ≤ 0.05, **P ≤ 0.01 (between NHEPS and the HCC cell lines via Student’s t-test). (B) Protein level of PATZ1 was determined by western blot. GAPDH was used as an equal loading control. (C) mRNA level of PATZ1 in both siCTRL- and siPATZ1-treated HepG2 cells were determined by qRT-PCR and normalized to the mRNA level of β-ACTIN. Data was presented as mean ± SEM; n = 3; ***P ≤ 0.001 (between the groups treated with either siCTRL or siPATZ1 via Student’s t-test). (D) Protein level of PATZ1 was determined by western blot. β-ACTIN was used as an equal loading control. (E) Duplicate gene expression microarray analysis of HepG2 cells treated with either siCTRL or siPATZ1 were subjected to log2-transformed gene expression followed by K-means clustering. A fold-change threshold of 1.4 was applied. Data was represented in a thumbnail-dendrogram format. Upregulated and downregulated genes were indicated in red and green, respectively. The color scale bar below presents the fold change. (F) Differentially-expressed genes in siPATZ1-treated HepG2 cells were subjected to Gene Ontology (GO) clustering by DAVID. The bar chart depicts the biological processes of downregulated genes (left panel) and upregulated genes (right panel) of the PATZ1-deficient HepG2 transcriptome. Numerical values on the right indicate the number of genes associated with the respective biological processes. All GO groups demonstrated enhanced statistical representation (P ≤ 0.05). (G) Heatmap representing the transcriptome of siCTRL- and siPATZ1-treated HepG2 cells that is associated with the biological process “Cell cycle.” Upregulated and downregulated genes are indicated in red and green, respectively. The color scale bar below presents the fold change.


To elucidate the relevance of PATZ1 overexpression in liver cancer, we first used siRNA to deplete PATZ1 level in HepG2 cells. Upon treatment with siPATZ1, the expression of PATZ1 was significantly reduced at both mRNA and protein levels (Figures 1C,D). Next, to investigate global gene expression changes caused by PATZ1 depletion, we performed gene expression microarray with the RNA extracted from PATZ1-depleted HepG2 cells (siCTRL-treated HepG2 cells as control). At a cut-off fold change of 1.4, we identified 447 downregulated genes and 795 upregulated genes in HepG2 cells treated with PATZ1 siRNA (Figure 1E). Validation of the microarray data with qRT-PCR was performed on 11 arbitrary selected genes and the fold change results were generally in agreement (Supplementary Figure 1).

Next, we sought to identify biological processes affected by PATZ1 depletion. We carried out Gene Ontology (GO) clustering using DAVID (Huang et al., 2009a). Enriched GO terms among both downregulated and upregulated genes were related to cell cycle, including “Cell proliferation,” “Cell cycle process,” “Mitotic G1/S transition checkpoint,” and “Cell cycle checkpoint” (Figure 1F). Interestingly, enriched GO term among downregulated genes included “Regulation of cyclin-dependent kinase (CDK) activity” (Figure 1F, left panel). Specifically, CDKN1A, CDKN1B and CDKN1C, which belong to the Cip/Kip family of CDK inhibitors, were significantly downregulated upon PATZ1 siRNA (Supplementary Figure 2A). The Cip/Kip family of CDK inhibitors restrict G1 to S phase progression of the cell cycle (Sherr and Roberts, 1999). Moreover, a heat-map of all differentially expressed genes annotated with the GO term “Cell cycle” show that these genes are mostly upregulated by PATZ1 siRNA (Figure 1G). In total, expression of 105 cell-cycle related genes were affected by PATZ1 knockdown. These genes account for 8.45% of all differentially expressed target genes in siPATZ1-treated HepG2 cells. KEGG pathway analysis further revealed an enrichment of pathways related to cell cycle and cancer among the differentially expressed target genes in the absence of PATZ1 (Supplementary Figure 2B). Together, these results suggest that PATZ1 is involved in the regulation of cancer-related genes, especially cell cycle genes, in HepG2 cells.



PATZ1 Depletion Improves Cell Viability and Accelerates Cell Proliferation

To investigate the phenotypic effects of PATZ1 depletion, we first performed the MTS cell viability assay. We found that PATZ1 depletion raised cell viability in HepG2 cells in a time-dependent manner from 41% at 2 days, 102% at 3 days, 144% at 4 days and 151% at 5 days post-transfection (Figure 2A). The apparent increased cell viability in response to PATZ1 knockdown could be due to an increase in cell proliferation. To test this, we assessed the colony forming ability of HepG2 upon PATZ1 depletion. Indeed, depletion of PATZ1 increased the rate of colony formation in siPATZ1-treated HepG2 cells as compared to siCTRL-treated cells (Figure 2B). This indicates PATZ1 may attenuate cell proliferation. To further elucidate the role of PATZ1 in cell proliferation, we immunostained siPATZ1-treated cells for Ki-67, a cell proliferation marker. Consistent with the colony formation assay, siPATZ1-treated cells showed twofold increase of Ki-67 expression level compared to siCTRL-treated cells (Figure 2C). Since cell proliferation is dependent on cell cycle progression, we next investigated the effect of PATZ1 depletion on percentages of cells in the different cell cycle phases. We discovered that PATZ1 knockdown resulted in a twofold increase of BrdU-positive cells in the S phase (Figure 2D). Together these results demonstrate that PATZ1 depletion increases HepG2 cell proliferation by promoting S phase entry, leading to enhanced colony formation.
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FIGURE 2. Deficiency of PATZ1 accelerates HepG2 proliferation. PATZ1 knockdown in HepG2 cells with either siCTRL or siPATZ1 were conducted for the indicated time points. (A) Cell viability of HepG2 was determined by MTS assay at 1, 2, 3, 4, and 5 days after transfection. siPATZ1-treated HepG2 cells showed increased cell viability as compared to siCTRL-treated cells. (B) PATZ1 knockdown increases colony formation ability of HepG2 cells. Followed by treatment with either siCTRL- or siPATZ1-treated for 48 h, HepG2 cells were harvested and plated at a density of 1,000 cells and were subsequently stained with crystal violet after 7 days. (C) PATZ1-deficient HepG2 cells displayed increased Ki-67 protein levels. Ki-67 protein levels were quantified by immunofluorescence 48 h after siRNA-treatment of HepG2 cells. DAPI was used as a nuclear control. Relative fluorescence intensity of Ki-67/DAPI was determined by ImageJ (NIH). (D) Elevated incorporation of BrdU upon knockdown of PATZ1 in HepG2 cells. HepG2 cells were treated with either siCTRL- or siPATZ1-treated for 48 h prior to pulsing with 10 μM of BrdU for 1 h. The cells were then stained with anti-BrDU and 7AAD. Cell cycle analysis was performed with a flow cytometer. Cell populations belonging to different phases of the cell cycle were gated accordingly (P3: Apoptosis; P4: G0/G1; P5: S; P6: G2/M). Data was presented as mean ± SEM; n = 3; ∗P ≤ 0.05, ∗∗P ≤ 0.01 (between the groups treated with either siCTRL or siPATZ1 via Student’s t-test).




Genome-Wide Mapping of PATZ1-Binding Sites

To gain molecular insights into the role of PATZ1 in regulating more cellular functions, we next identified binding sites of PATZ1 on a genome wide scale. To this end, we performed PATZ1 ChIP-seq in HepG2 cells. We determined putative binding sites of PATZ1 at PATZ1 ChIP-enriched genomic regions. We then validated these putative binding sites by performing ChIP-qPCR on arbitrarily selected genomic loci. The ChIP-qPCR validation at the cut-off value of fourfold matched an enrichment cut-off of sixfold as determined by the ChIP-seq analysis, which correspond to a total of 3,683 putative binding sites (Supplementary Figure 3).

We then annotated all binding sites to the nearest genes based on the GRCh37/hg19 genome assembly. We found that 35% of the putative PATZ1 binding sites lie within the promoters while 32% lie within the introns of the annotated genes (Figures 3A,B). Notably, 100% of the putative binding sites that lie within the promoter (<3 kb from the transcriptional start site; TSS) are within 1 kb from the TSS. On the other hand, 0.54% and 3.23% of the putative binding sites were located within the 3′-UTR and the 5′UTR, respectively.
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FIGURE 3. PATZ1 ChIP-sequencing analysis. (A) Illustration of the annotated genomic features employed to characterize the binding regions of PATZ1. (B) Genomic characterization of PATZ1 binding sites. (C) Computed putative binding motifs of PATZ1. Three motifs and a consensus motif were computationally determined from the PATZ1 ChIP-seq data. (D) Summary of the biological processes of PATZ1 ChIP-enriched targets which were subjected to GO clustering. All biological processes demonstrated enhanced statistical representation (All P ≤ 0.01). (E) Venn diagram depicting the overlap of PATZ1 ChIP-seq putative binding targets and genes whose expression was significantly altered in PATZ1 deficient HepG2 cells from the gene expression microarray. The ChIP-seq and gene expression microarray dataset was computed to reveal 64 potential genes that were downregulated and 115 potential genes that were upregulated directly by PATZ1.


Next, we looked for possible binding motifs of PATZ1 based on our ChIP-seq data. We found three PATZ1 binding motifs which were enriched in PATZ1 binding sites. Motif 1 is 24-nucleotides long and it primarily consists of both cytosine-rich (C-rich) and guanine-rich (G-rich) regions (Figure 3C, top panel). Motifs 2 and 3 are 29- and 21-nucleotides long, respectively, and both consist of G-rich region (Figure 3C, middle panel). Consolidation of the PATZ1 binding motifs results in a consensus motif of a C-rich region in the forward strand and a G-rich region in the reverse strand (Figure 3C, bottom panel), which is in good agreement with previous findings (Kobayashi et al., 2000; Ow et al., 2014). The high affinity of PATZ1 for G-rich sequences can be attributed to its zinc finger domains, which tends to bind to G-rich DNA (Jamieson et al., 1996).

We next sought to explore biological functions of genes bound by PATZ1. We identified 3,005 distinct annotated genes associated with 3,683 PATZ1 putative binding sites. GO analysis on these genes revealed strong enrichment in biological processes such as “G1/S transition of mitotic cell cycle,” “Regulation of cell cycle,” and “Cell proliferation” (Figure 3D). This is consistent with the GO clustering of our gene expression microarray results (Figure 1F). Remarkably, we found that 1624 (54%) of PATZ1 target genes are cancer-associated genes (Supplementary Figure 4), showing that PATZ1 target genes significantly overlap with oncogenic signature gene set (Molecular Signatures Database) (Esposito et al., 2011). Taken together, we suggest that PATZ1 regulates many cancer-related genes. Our Integrative ChIP-seq and microarray analyses revealed 64 target genes were significantly downregulated and 115 genes were upregulated upon PATZ1 depletion (Figure 3E).



PATZ1 Binds to the TSS of CDKN1B and Regulates CDKN1B Transcription

Interestingly, we found that CDKN1B gene is bound by PATZ1 as indicated by the Model-based Analysis of ChIP-seq (MACS). PATZ1 ChIP-seq results showed that PATZ1 bound to the promoter, exon 1 and exon 2 of CDKN1B gene (Figure 4A). Indeed, CDKN1B was found to be among the top 10 targets of PATZ1 according to ChIP-seq enrichment (Supplementary Table 3). Furthermore, CDKN1B was significantly downregulated in PATZ1-deficient cells from the gene expression microarray analysis (Supplementary Figure 2). Since CDKN1B is important in cell cycle regulation, we propose that PATZ1 mediates the regulation of CDKN1B in cell cycle progression.
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FIGURE 4. PATZ1 positively regulates CDKN1B by binding to its proximal promoter region. (A) Snapshot of the PATZ1 ChIP-seq data in HepG2 cells as visualized in the Integrative Genomic Viewer (Broad Institute). The top-most panel indicates the CDKN1B genomic region that was being interrogated. The second and third panels indicate the enrichment peaks of either the input DNA or the PATZ1 ChIP DNA for the corresponding genomic region of CDKN1B. The peak height o for the PATZ1 ChIP DNA depicts the binding region of PATZ1 to the genomic loci of CDKN1B with strong enrichment at the proximal promoter, exons 1 and 2 as indicated by the enrichment peaks in the bottom panel. (B) Locations of real-time PCR primers (amplicons 1 to 8) were mapped to the promoter regions of CDKN1B promoter. ChIP-qPCR was performed with PATZ1 ChIP-DNA. Strong enrichment of PATZ1 to the region TSS +9/+168 of the CDKN1B gene. (C) Luciferase reporter assay of CDKN1B promoter. Upper: schematic diagram of the luciferase vector CDKN1B-luc. The PATZ1 binding region (and its mutant) at CDKN1B promoter was cloned into the pGL3-Basic luciferase vector. Luciferase reporter assay was performed and normalized against the renilla signal to obtain the relative dual luciferase ratio (DLR), which represents the activity of the CDKN1B promoter region. (D) CDKN1B expression level was evaluated in siCTRL- and siPATZ1-treated HepG2 cells. Level of CDKN1B was normalized to mRNA level of β-ACTIN. Data was presented as mean ± SEM; n = 3; *P ≤ 0.05 via Student’s t-test. (E) Protein level of CDKN1B was determined by western blot. β-ACTIN was used as loading control.


To validate the binding of PATZ1 to genomic sites of CDKN1B, we used ChIP-qPCR. Eight amplicons in genomic regions flanking the TSS of CDKN1B were selected (Figure 4B, top). We found that amplicon 5 corresponding to the region TSS +9/+168 was highly enriched in PATZ1 ChIP-DNA by 11.4 fold compared to a control region (Figure 4B, bottom). Amplicons 3 and 4 were also significantly enriched, indicating binding of PATZ1 to the immediate regions flanking the TSS of CDKN1B. ChIP-qPCR against amplicons 1 to 8 in HCT116 colon cancer cell line, H1 human embryonic stem cell (hESC) and HCC cell line Hep3B also revealed strong enrichment of PATZ1 to amplicon 5, further supporting binding of PATZ1 to the CDKN1B gene (Supplementary Figures 5A–D). Indeed, a putative PATZ1 binding site GGGGAGGTG (located at −31 to −23 from transcriptional start site) was found in the region which is close to amplicons 4 and 5 (Supplementary Figure 5E).

Next, to determine if binding of PATZ1 to CDKN1B results in transcriptional regulation, we performed luciferase reporter assay. The CDKN1B genomic region from −93 to +297 (CDKN1B-luc), which corresponds to amplicon 5 and its flanking genomic region, was tested (Figure 4C, top panel). As expected, PATZ1 knockdown significantly reduced the promoter activity of this promoter fragment by approximately 33% while the promoter activity was insignificantly affected by depletion of PATZ1 if the putative PATZ1 binding site GGGGAGGTG (located at −31 to −23 from transcriptional start site) was mutated to TTTTCAACA (Figure 4C, bottom panel). This suggests that PATZ1 positively regulates the transcription of CDKN1B. Subsequently, we found that siPATZ1-treated HepG2 cells possessed reduced mRNA and lowered protein expression of CDKN1B compared to siCTRL-treated cells (Figures 4D,E). Taken together, these results confirm that PATZ1 positively regulates the transcription of CDKN1B.



Regulation of CDKN1B by PATZ1 Is Dependent on p53

Previous studies have demonstrated an altered function of PATZ1 in response to the presence or absence of p53 (Valentino et al., 2013; Keskin et al., 2015). Therefore, to further investigate if PATZ1 cooperates with p53 and co-occupies genomics sites in liver cancer cells, we performed comparative ChIP-Seq analysis with the PATZ1 ChIP-Seq data in this study together with a publically available HepG2 p53 ChIP-Seq data (GEO Accession: GSM1581946). Notably, we observed both PATZ1 and p53 were found to bind to similar genomic regions at the TSS shown by the ngsplot heat-map (Figure 5A). Moreover, the binding intensities of PATZ1 and p53 to the TSS are concordant with one another, where the binding propensity of p53 reduces with the declining binding intensity of PATZ1. A graphical representation of the binding peaks of PATZ1 and p53 also revealed similar binding loci at the TSS region (Figure 5B). These suggest that PATZ1 is a p53 partner and co-regulates many downstream genes together with p53 in liver cancer cells.
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FIGURE 5. Regulation of CDKN1B by PATZ1 Is Dependent on p53. (A) Snapshot of the PATZ1 ChIP-seq data in HepG2 cells as visualized in the Integrative Genomic Viewer (Broad Institute). ngsplot was applied to delineate the relation between PATZ1 and p53. Heatmap depicting the distribution of the average reads of both PATZ1 and p53 ChIP results. (B) Consolidation of the number of peaks mapped to its respective genomic location. (C) Endogenous immunoprecipitation revealed interaction between PATZ1 and p53 in HepG2 cells. (D) ChIP-qPCR results indicated a strong enrichment of p53 to the promoter region (amplicon 5) of CDKN1B in HepG2 cells. Amplicons 1 to 8 depict the genomic loci of CDKN1B being probed in the ChIP-qPCR. (E) mRNA expression of PATZ1 in siCTRL and siPATZ1 HepG2 and Hep3B cells were determined by qRT-PCR. β-ACTIN acts as an endogenous control. (F) mRNA expression of CDKN1B in siCTRL and siPATZ1 HepG2 and Hep3B cells were determined by qRT-PCR. PATZ1-deficient HepG2 and Hep3B cells revealed declined CDKN1B expression. (G) Downregulation of PATZ1 does not affect CDKN1B protein expression in the p53-null Hep3B cells as compared to HepG2 cells. PATZ1, p53 and CDKN1B activity were determined by western blot analysis. β-ACTIN was used as a loading control. (H) Insignificant changes in colony formation in siCTRL- and siPATZ1-treated Hep3B cells shown by crystal violet stain. (I) Insignificant changes in colony formation in siCTRL- and siPATZ1-treated Hep3B cells shown by 570 nm absorbance. (J) siRNA-mediated p53 knockdown (sip53) in HepG2 cells abrogated the downregulation of CDKN1B in PATZ1-depleted cells as compared to the control. PATZ1, p53, and CDKN1B activity were determined by western blot analysis. β-ACTIN was used as a loading control. The numeric value was presented as mean ± S.E. Student’s t-tests were completed and statistical significance is indicated.


We further found that endogenous PATZ1 physically interacts with p53 in HepG2 cells (Figure 5C), consistent with previous studies which showed interaction between PATZ1 and p53 in HEK293T and HCT116 cells (Valentino et al., 2013; Keskin et al., 2015). Given that PATZ1 binds to the CDKN1B genomic region in HepG2 cells, we next examined the presence of p53 in regions flanking the TSS of CDKN1B. Interestingly, we found two putative p53 binding sites at CDKN1B promoter region (Supplementary Figure 5E). p53 ChIP-qPCR revealed an enrichment of 7-folds of p53 to amplicon 5 (Figure 5D). Notably, the enrichment peak of p53 ChIP-qPCR corresponded to the enrichment peaks of PATZ1 ChIP-qPCR against the CDKN1B genomic loci. To confirm PATZ1 and p53 co-occupy this CDKN1B promoter region, we carried out sequential ChIP (1st ChIP, PATZ1; 2nd ChIP, p53). Our qPCR results clearly showed that the sequential ChIP largely enhanced the enrichment fold, showing that PATZ1 may cooperate with p53 in regulating CDKN1B transcription (Supplementary Figure 5F). Furthermore, comparative PATZ1 and a publically available p53 ChIP-seq analysis revealed that the bulk of the p53 binding loci coincide with that of the PATZ1 binding loci, which lies primarily at the TSS (Figure 5A). This observation strongly supports the cooperation of PATZ1 and p53 in regulation of CDKN1B.

Thus we further investigated the role of PATZ1 in regulating CDKN1B in a p53-null hepatocellular carcinoma cell line, Hep3B (Supplementary Figure 6). To evaluate the importance of p53 in the regulation of CDKN1B by PATZ1, siRNA-mediated knockdown of PATZ1 was performed in HepG2 and Hep3B cells (Figure 5E). With respect to the control cells, we observed that CDKN1B mRNA level was reduced by 64% (P ≤ 0.05) and 39% (P ≥ 0.05) in PATZ1-deficient HepG2 cells and Hep3B cells, respectively (Figure 5F). Interestingly, CDKN1B protein level remained unaltered in Hep3B cells upon PATZ1 knockdown (Figure 5G). Phenotypically, there was no significant change in colony forming ability between siCTRL- and siPATZ1-treated Hep3B cells (Figures 5H,I). Similarly, p53 knockdown in HepG2 cells abrogated the downregulation of CDKN1B upon PATZ1 depletion (Figure 5J).

Together, this showed that the absence of p53 not only abrogated the PATZ1-mediated regulation of CDKN1B, it nullified the ability of PATZ1 to phenotypically affect the colony forming ability of liver cancer cells. Taken together, these results indicated that PATZ1 partners with p53 and p53 is required for the regulation of CDKN1B by PATZ1.

In summary, we have demonstrated that PATZ1 inhibits cell proliferation by promoting CDKN1B expression, thereby indicating that PATZ1 functions as a tumor suppressor in liver cancer. Remarkably, PATZ1 is delocalized to the cytoplasm in the HCC cell lines (Figure 6A). Thus, the cytoplasmic delocalization of PATZ1 tumor suppressor in the HCC cell lines might negate its nuclear transcriptional activation of CDKN1B, thereby resulting in reduced expression of CDKN1B. Subsequently, this may potentiate oncogenesis through augmented cell proliferation. A summary of the role of PATZ1 in liver cancer is illustrated in Figure 6B.


[image: image]

FIGURE 6. Schematic illustration of PATZ1 in normal hepatocytes and liver cancer. (A) Cytoplasmic localization of PATZ1 was observed in HepG2 and Huh7 cells as indicated by the white arrows. PATZ1 protein levels were quantified by immunofluorescence and DAPI was used as a nuclear control. (B) Top: In normal hepatocytes, PATZ1 is localized in the nucleus and binds to the promoter of CDKN1B to promote its transcriptional activation, resulting in a high expression level of CDKN1B which inhibits cell proliferation by suppressing CDK2-Cyclin E. Bottom: In liver cancer cells, PATZ1 is aberrantly delocalized to the cytoplasm and accordingly the level of nuclear PATZ1 is reduced. This restrains PATZ1-mediated transcriptional activation of CDKN1B and reduces the CDKN1B-mediated inhibition of cell proliferation.




DISCUSSION

To date, the role of PATZ1 in cancer progression has been studied in breast, lung, thyroid, testicular cancers and lymphomas (Mastrangelo et al., 2000; Pan et al., 2011; Valentino et al., 2013; Guadagno et al., 2017). However, there remains a paucity of data on the involvement of PATZ1 in liver cancer. Here, we investigated the role of PATZ1 in liver cancer, which has poor mechanistic insights despite well-defined etiologies (Møller, 2000). We found a high expression of PATZ1 in HCC cell lines while PATZ1 was weakly expressed in normal hepatocytes (Figure 1). Thus, we aimed to investigate the role of PATZ1 in HCC.

In this study, we employed holistic genome-wide approaches to systematically examine the role of PATZ1 in HCC. Our PATZ1 ChIP-seq data revealed that PATZ1 binds to the genomic loci of many cancer-related genes in HepG2 cells (Supplementary Figure 4). In addition, functional annotation of PATZ1 binding sites and related genes revealed a strong enrichment in GO terms associated with cell cycle and its regulation (Figures 1F, 3D). Similarly, RNA-seq analysis by in Patz1–/– mouse embryonic fibroblasts (MEFs) found enrichment for genes associated with cell proliferation (Keskin et al., 2015). Overall these data strongly support the notion that PATZ1 plays a crucial role in cancer through regulation of cell cycle and proliferation genes. Indeed, we found that the depletion of PATZ1 in HepG2 cells led to increase in cell viability, colony formation ability and elevated S-phase entry (Figure 2).

Importantly, we have identified CDKN1B as a key mediator of PATZ1-modulated cell proliferation. CDKN1B is a cyclin-dependent kinase (CDK) inhibitor that belongs to the Cip/Kip family of CDK inhibitors (CKIs). CDKN1B functions to suppress G1-S progression of the cell cycle by inhibiting Cyclin E-CDK2 (Tannapfel et al., 2000). Clinically, low expression of CDKN1B has been associated with advanced stage of hepatocellular carcinoma while elevated CDKN1B expression serves as a favorable prognostic marker for better HCC survival rate (Ito et al., 1999; Matsuda et al., 2013; Niu et al., 2015; Xu et al., 2015). Reduced CDKN1B expression has been found to be a significant prognostic factor in other cancers (Chu et al., 2008). Given the dysregulation of CDKN1B in various cancers, the knowledge of the direct regulation of CDKN1B by PATZ1 provides a promising perspective in tackling tumor development and progression.

Interestingly, the direct regulation of CDKN1B by PATZ1 was abrogated in the absence of p53. The interaction between PATZ1 and p53 indicates a possible role of p53 in modulating the molecular role of PATZ1. In the p53-null Hep3B cell, PATZ1 knockdown resulted in a reduced transcript level but not the protein level of CDKN1B. Similarly, PATZ1 was found to be able to regulate the transcription of p53-dependent genes in the absence of p53 in p53-null Saos-2 and H1299 cells (Valentino et al., 2013). The unaltered CDKN1B protein expression in PATZ1-interfered Hep3B cells suggests a post-transcriptional regulation of CDKN1B which is dependent on p53 status. p53 has been previously shown to modulate the ability of PATZ1 to regulate CDKN1A expression, which is also a member of the Cip/Kip family of CKIs (Valentino et al., 2013). Notably, PATZ1 was found to bind to the promoter region of CDKN1B independent of p53 in Hep3B cells, suggesting a role of p53 in regulating the function of PATZ1. Furthermore, our study has found that PATZ1 and p53 can interact and tend to be highly enriched at the TSS, therefore indicating a strong association between PATZ1 and p53. Similarly, increased cell population in the S phase was previously reported in p53 siRNA-treated HepG2 cells, which is similar with the PATZ1-depleted HepG2 cells in our studies, thereby indicating analogous phenotype between PATZ1 and p53 depletion. The mechanistic and functional synergy between PATZ1 and p53 offers a new perspective into the role of p53 in cancer. Further studies can elucidate novel targets of the PATZ1-p53 transcriptional complex.

The cellular delocalization of PATZ1 parallels the enhanced cytoplasmic localization of PATZ1 with increasing malignancy in testicular tumor, where PATZ1 was found to be a tumor suppressor (Fedele et al., 2008). Interestingly, cytoplasmic localization of tumor suppressor proteins was previously found to promote carcinogenesis in human cancer (Viglietto et al., 2002). This might possibly account for the high expression of PATZ1 in HCC cells, of which cytoplasmic localization might drive further progression of liver cancer. It was previously suggested that aberrant cytoplasmic delocalization of PATZ1 might disrupt its nuclear transcriptional role or lead to the acquisition of a novel cytoplasmic role (Fedele et al., 2008). Further investigations would be required to address the cytoplasmic role of PATZ1 in liver cancer progression.

Notably, by mapping these differentially-expressed genes with the PATZ1 putative target genes, we found that PATZ1 depletion results in a substantially greater number of putative targets that were upregulated (Figure 3E). We thus reckon that PATZ1 primarily functions as a transcriptional repressor in HepG2 cells which might be attributed to its POZ domain since it has been shown that the POZ domain is crucial for transcriptional repression (Collins et al., 2001). Further, the POZ domain has been found to interact with the co-repressors N-CoR, SMRT and HDAC complexes (Huynh and Bardwell, 1998; Guenther et al., 2001). Interestingly, our ChIP-seq data indicates that PATZ1 binds to promoter regions of various HDAC genes (Supplementary Table 4). Together, these indicate a possible involvement of PATZ1 in epigenetic suppression of gene expression.



CONCLUSION

We have demonstrated that PATZ1 cooperates with p53 and regulates liver cancer cell proliferation by directly regulating CDKN1B. With the strongly established role of CDKN1B as a prognostic marker in various cancer types, our discovery of PATZ1 as a potent regulator might open new possibilities for better management of tumor progression.
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Supplementary Figure 1 | Validation of gene expression microarray. (A) qRT-PCR was performed on arbitrarily selected differentially expressed genes and normalized to mRNA level of β-actin. Fold changes were computed in terms of percentage fold change of the siPATZ1-treated transcriptome relative to the siCTRL-treated transcriptome. Data was presented as mean ± SEM; n = 2. (B) Thumbnail-dendrogram representing the corresponding downregulated gene targets in siCTRL- and siPATZ1-treated HepG2 cells. (C) Thumbnail-dendrogram representing the corresponding upregulated gene targets in siCTRL- and siPATZ1-treated HepG2 cells. The color scale bar below presents the fold change.

Supplementary Figure 2 | GO clustering of the transcriptome of siCTRL- and siPATZ1-treated HepG2 cells. Gene expression microarray analysis of siCTRL- and siPATZ1-treated HepG2 cell duplicates were subjected to log2-transformed gene expression followed by K-means clustering. Fold-change threshold of 1.4 is applied. Data is represented in a thumbnail-dendrogram format. (A) GO clustering of differentially-expressed genes in the Cip/Kip family. The color scale bar below presents the fold change. (B) KEGG pathway analysis of differentially expressed genes (P ≤ 0.05). Numerical values on the right indicate the number of genes associated with the respective KEGG pathway.

Supplementary Figure 3 | Validation of PATZ1 ChIP-Seq targets. qRT-PCR was performed with input DNA and PATZ1 ChIP-DNA on arbitrarily selected PATZ1 ChIP-Seq targets and normalized to the expression of p2. The ChIP-qPCR enrichment fold changes are indicated at the top of the respective bars while the corresponding ChIP-Seq fold changes are indicated at the bottom. Data was presented as mean ± SEM; n = 2.

Supplementary Figure 4 | Overlap of PATZ1 putative ChIP-Seq targets with oncogenic signatures. Venn diagram indicating the overlap between PATZ1 putative targets and the C6 oncogenic signature from the Molecular Signatures Database. 1,624 (54%) of the putative PATZ1 targets are cancer-associated genes.

Supplementary Figure 5 | Conserved binding of PATZ1 to CDKN1B promoter region. ChIP-qPCR results validate the binding of PATZ1 to the promoter region of CDKN1B. (A) Locations of real-time PCR primers (amplicons 1 to 8) were mapped to the promoter regions of CDKN1B promoter. ChIP was performed with antibody against PATZ1 and the resulting ChIP-DNA was analyzed by qRT-PCR with the primers against amplicons 1 to 8 of CDKN1B. High enrichment of PATZ1 to amplicon 5 of CDKN1B in HCT116 cells (B), h1 hESCs (C) and Hep3B cells (D) were found, which correspond to the region TSS +9/+168 of the CDKN1B gene. Enrichment fold were computed from the apparent IP efficiency (ratio of ChIP-DNA over input DNA). Data was presented as mean ± SEM; n = 2. (E) DNA sequence of CDKN1B promoter region (−93 to +297). Nucleotides in blue: putative p53 binding sites; Nucleotides in green: PATZ1 binding site; T in red: transcriptional start site. (F) Enhanced enrichment of sequential ChIP (PATZ1 and p53) DNA at CDKN1B promoter region.

Supplementary Figure 6 | Co-immunostaining of PATZ1 and p53 in HCC cell lines. PATZ1 was observed in HepG2 and Hep3B cells while p53 was not expressed in Hep3B cells.

Supplementary Table 1 | Primers used for qRT-PCR.

Supplementary Table 2 | Primers used for ChIP-qPCR.

Supplementary Table 3 | Top 60 PATZ1 ChIP-seq targets.

Supplementary Table 4 | List of HDAC isoforms enriched in PATZ1 ChIP-Seq analysis.


FOOTNOTES

1
http://meme.nbcr.net/meme/cgi-bin/meme-chip.cgi
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